Introduction: Inflammatory bowel diseases (IBD) are on the rise worldwide. This review covers the current concepts of the etiology of Crohn´s disease and ulcerative colitis by focusing on an unbalanced interaction between the intestinal microbiota and the mucosal barrier. Understanding these issues is of paramount importance for the development of targeted therapies aiming at the disease cause. Area covered: Gut microbiota alterations and a dysfunctional intestinal mucosa are associated with IBD.
Introduction
Inflammatory bowel diseases (IBD) are on the rise in a worldwide epidemic [1] . After an initial upswing in Western societies, particularly in Nordic countries, currently many Asian countries experience a dramatic rise in the incidence of ulcerative colitis, followed by Crohn´s disease [2] . This rapid epidemiological development may be viewed as a consequence of the impact of urbanization, formula feeding rather than breast-feeding as well as changes in food technology, with shifts from plant-based foods and fiber to refined sugar and animal fat and emulsifiers [3] . At the same time, in Asia, there is a rapid change from traditional (for example, Chinese) medicine to Western medicine, including increased hygiene and use of antibiotics early in childhood. It is plausible that many of these factors play a major role in the IBD epidemic, since the genetic predisposition is rather stable and should not evolve that rapidly. Nevertheless, both IBD´s are archetypical examples of a genetic/environmental crosstalk ultimately resulting in health or disease. Recently, the genetic studies have pinpointed more than 200 genetic alterations in IBD with precise odds ratios, whereas the environmental factors are comparably ill-defined [3, 4] .
At any rate, a likely common denominator and target of these environmental factors is the intestinal microbiome [5] . After a recalculation, it has become established that humans harbor as many 'bugs' as they contain human cells (3-4 × 10 13 ) in their body, and this multitude has to be kept at a distance from our mucosal surfaces [6] . The bacterial load is excessive, particularly in the distal small intestine and colon, which are the sites where IBD typically develops. Accordingly, the focus in IBD pathophysiology has recently shifted from an autoimmune concept of a hyperactive and dysregulated adaptive immune system to a defective crosstalk between innate immunity and a mucosal barrier, which is opposed to an extremely complex microbiome, including bacteria, fungi, and viruses [7, 8] . A list of arguments for the prime (not necessarily primary) role of the microbiota in instigating disease is derived from several lines of evidence, including animal models, risk factors, surgery sequelae, immune response and barrier as well as therapeutic issues as detailed below (Table 1) [9] [10] [11] [12] [13] [14] .
As a consequence of these complex and convincing arguments, there is currently little debate about the important role of the intestinal microbiome but, unfortunately, the hen and egg question remains unanswered. In this overview, we try to delineate the confrontation between luminal commensal bacteria and the mucosal barrier, focusing on the secreted, extracellular protection mechanisms, namely antimicrobial peptides and mucus. These secreted elements of the mucosal barrier are complemented by a sealed layer of epithelial cells, connected by critical tight junctions, and also mucosal macrophages ( Figure 1) [15, 16] . Undeniably, both Crohn´s disease and ulcerative colitis may be interpreted as a chronic condition where the microbiota prevails and succeeds in a slow invasion of host structures, thereby activating all defense levels of the barrier (Figure 1 ). However, despite all these levels play a role in IBD, these cellular barriers are beyond the scope of this review.
We admit being eclectic but will focus on the human data and refer to experimental mouse data where appropriate. Several prior and excellent reviews on this topic have appeared, but none has directly addressed the microbiome in opposition to mucus and antimicrobial peptides during IBD [17] [18] [19] [20] . When using the term microbiome in this review, we will focus on the bacterial microbiome, although there is now rising interest and some initial data also with respect to the gut fungome and virome [21, 22] .
Role of the intestinal microbiome in IBD
Based on a revolutionary technical advance from crude bacterial cultures to analysis of microbial 16S-rRNA and finally to metagenomic sequencing, the complexity of the microbiome has become established. Since most species are not culturable in vitro, only the genomic data give the full picture. A human gut microbial gene catalog was established by metagenomic sequencing and the human microbiome project consortium established the structure, function, and diversity of the healthy human microbiome at various body sites [23, 24] . Definition of the gut microbiome variation in the population is ongoing and a new genomic blueprint has been published recently [25, 26] . Rather than looking at ratios, it was suggested to focus on the microbial load, which is quantitated by flow cytometry [27] . In parallel, the metatranscriptome was related to the metagenome of the human gut microbiome [28] . This microbiota, of course, is not stable but evolves significantly over time from immediately after birth at least until the preadolescent phase [29] . Within the bowel, there is clear spatial distribution, both along the intestine as well as transversally when comparing the crypt to the mid-lumen bacteria [30] .
Microbiota alterations in IBD
The first and repeatedly confirmed finding was a diminished richness and diversity of the fecal intestinal microbiome in Crohn´s disease [31] . Detailed analysis revealed that among the Firmicutes 43 distinct ribotypes were identified in the healthy controls, compared with only 13 in Crohn´s disease. In this study, the Clostridium leptum group was particularly diminished, also confirmed by fluorescent in situ hybridization (FISH), whereas the Prevotella subgroup was even increased. Another study from Sweden suggested that the distance to the healthy plane of the fecal microbiome was maximal in ileal Crohn´s disease, somewhat smaller in colonic Crohn´s disease and minimal in ulcerative colitis [32] . In a classic study in new onset Crohn´s patients Article highlights • A dysfunctional interaction between the gut microbiota and the intestinal mucosal barrier is a hallmark of IBD. • Changes in gut microbiota composition during IBD are inconsistent between studies. • Are gut microbiota alterations cause (hen) or consequence (egg) of IBD? • Antimicrobial peptides and intestinal mucus are key elements of intestinal barrier function that are defective during IBD. • Targeting the gut microbiota to strengthen intestinal barrier function may become a successful strategy to treat IBD in the future. Table 1 . Arguments for the key role of microbes in IBD.
• Gnotobiotic mice lacking a microbiota are refractory in experimental colitis models • Antibiotics given in early life increase the risk of IBD • IBD is localized in segments with highest bacterial load • Surgical diversion is associated with distal mucosal healing, reversed by instillation of fecal contents • Luminal and mucosal microbiota is abnormal in IBD • Cellular and humoral immunity is directed against bacterial, not cellular antigens • Antimicrobial peptides (AMP´s) and antibacterial activity in the intestinal mucosa are altered in IBD • Important risk genes, including bacterial recognition (NOD2), autophagy (ATG16L1) and others, affect the Paneth cells, which are defending the small intestine against bacterial invasion • A compromised mucus barrier leads to mucosal inflammation in the mouse (and man?) • Antibiotics are effective in some instances of IBD, including the postoperative state or pouchitis • Probiotics and fecal transfer may induce or maintain remission in IBD Figure 1 . The different levels of mucosal defense against invasion of the microbiota. This expert review will focus on level I. bacterial community membership was associated independently with intestinal inflammation, antibiotic use and therapy [33] . It was demonstrated convincingly that enteral nutrition therapy responders as well as anti-TNF responders normalized their microbiome whereas the non-responders did not. Yet, most early studies were limited by using exclusively fecal material, which does not necessarily represent the mucosal microbiome [33] . In addition, fecal bacteria are affected by such simple variables as stool consistency, suggesting that many of the changes observed may simply be due to diarrhea secondary to IBD [34] .
It was established in 2002 that there is also a fundamental difference with respect to the mucosal microbiota between controls and patients with IBD. In the diseased mucosa, there were high concentrations of bacteria attached to the epithelium as a thick bacterial band whereas in controls the mucosa contained little bacteria [35] . In IBD there were inclusions of polymorphic bacteria within solitary enterocytes and these bacteria were deemed to be of fecal origin. After this pioneering work the same group in Berlin followed up with a detailed study of this biofilm of bacteria in IBD, suggesting that most of it consisted of Bacteroides fragilis [36] . In experimental animals this species, however, acts as an anti-inflammatory agent increasing regulatory T-cells [37] .
In a subsequent detailed study of colonic mucosal bacteria, the diversity was again found to be diminished [38] . In the first larger study it was noticed that IBD samples were depleted of Lachnospiraceae and Bacteroidetes but enriched for Proteobacteria and Actinobacteria [39] . Later, the most profound analysis was presented using a large cohort of treatment-naïve patients with new-onset pediatric Crohn´s disease [33] . Although there was significant overlap in a principal component analysis between both IBD´s and controls, an axis with an increased abundance of Enterobacteriaceae, Pasteurellacaea, Veillonellaceae and Fusobacteriaceae and a decreased abundance in Erysipelotrichales, Bacteroidales and Clostridiales could be defined. Notably, this axis correlated strongly with the disease status, i.e. inflammation had a significant impact on the microbiota. It was also demonstrated that a superb differentiation could be obtained using the principal bacterial metabolic pathways that were either increased or decreased in Crohn´s disease. Thus, function may well be more important than species composition.
On the other hand, approximately a third of Crohn´s patients harbor adherent-invasive E. coli in their mucosa, which survive in macrophages and are clearly pro-inflammatory [40, 41] . This is contrasted by a protective commensal group, Faecalibacterium prausnitzii, diminished in Crohn´s disease [42] . This scenario, of course, is suggestive of a required balance between more aggressive or more defensive ('anti-inflammatory') species at the mucosal site. Thus, it is rather the ecology that is important and not a single culprit [43] .
Microbiota as hen or egg in IBD?
To gain insight into the hen and egg question, i.e. the potentially primary role of the microbiome, several situations and experimental approaches may help. These relate to a) changes in the microbiome in related diseases (specificity?) and during the course of disease, b) the interaction of host genetics and of the environment with the microbiota and c) finally, the impact of changing the bacterial composition on the induction, perpetuation or improvement of inflammation. First, it should be noted that in IBD the microbiological fecal changes were similar to those with non-IBD gastrointestinal complaints, but both differed from healthy controls [44] . The microbial metabolic shifts of type II diabetes are also similar to IBD [45] . Along the same lines, a comparative study of the gut microbiota in several immune-mediated inflammatory diseases detected common microbial taxa with differential abundance, but some taxa were more specific for the individual diseases [46] . Therefore, there seems to be some microbial differences, but only a limited specificity of the changes common in IBD.
Next, a close relationship between the inflammatory state and the gut microbiota would be suggestive of secondary effects. As mentioned above, the axis of increased and decreased bacterial taxa correlated nicely with disease activity [33] . Even more convincingly, also discussed above, therapy response has a tendency to normalize the microbiome, although treatment is given also to non-responders which maintain their 'dysbiotic' microbiota [47] . In addition, when comparing single patients in remission or exacerbations, significant differences in fecal microbial composition were observed with pronounced interindividual variations [48] . In ulcerative colitis, the gut microbiota tends to normalize in cases with a long-term remission. Nevertheless, some form of dysbiosis persists even in long-term remitters with mucosal healing and microbial instability as well as low rates of Firmicutes and Faecalibacterium appear to be related to a high risk of relapse [49] [50] [51] . In two separate Swiss cohorts the mucosal microbiomes were stable at an intra-individual level over time, rather independent of disease activity, but out of 83 taxa analyzed, Enterobacteriaceae and Klebsiella in Crohn´s versus Ruminococcus and Prevotella in ulcerative colitis showed changes according to disease activity [52] . Similarly, differences in the microbiome over time were greatest in the presence of ongoing inflammation [53] . Conspicuously, the patchy distribution of ileal lesions in Crohn´s was not linked to differences in the attached local bacterial community [54] . In a more recent study microbiome differences were significant with respect to endoscopic inflammation as opposed to none. However, there was no difference between matched intra-individual colonic biopsies in mucosa-associated microbiota composition comparing injured and non-injured sites, although lesions were associated with significant bacterial encroachment [55] . It may be concluded that inflammation has a significant impact on the microbiota. Data in laboratory animals confirm an inflammation-associated enterotype [56] . Also, for example, ileal inflammation induced by Toxoplasma gondii drives dysbiosis and bacterial invasion in the mouse [57] .
Furthermore, there is little doubt that the host and its genetic background shapes the microbiota. Within a population, at least three different 'enterotypes' coexist with predominant Bacteroides, Prevotella or Ruminococcus [58] . Even if these groups are not as distinct as suggested originally but more continuous, the variation within a population with similar environment is likely to be genetically influenced [59] . Accordingly, the mucosal biopsy microbiome is much more similar in monozygotic twins than in dizygotic twins [60] . The fecal microbiome communities were more related between healthy twins than between twins with Crohn´s, especially when these were discordant for the disease [61] . In a Swedish twin trial, it was furthermore concluded that disease phenotype outweighed genotype effects on the fecal and mucosa-associated microbiome [62] . Despite this, the healthy siblings of Crohn´s-patients in another Swedish trial clearly also had a lower diversity than controls, which may reflect a predisposition [63] . Comparing Crohn´s patients with their healthy relatives also emphasized the dramatic impact of the disease compared to a common genetic and environmental background [64] . However, the healthy relatives also differed from healthy controls.
Looking at genetic detail, the best-known modulator of the microbiome in Crohn´s is the most important genetic link: NOD2 (nucleotide-binding oligomerization domain 2) [65] . NOD2 regulates particularly ileal bacteria and ileal bacteria regulate crypt NOD2 in the mouse while NOD2 is also important for the human microbiota [66, 67] . The autophagy gene ATG16-L1 also appears to be associated with shifts in human ileal microbial composition and the endosomal stress protein XBP1 gene as well [68, 69] . In an interesting study on three levels, including mucosal gene regulation, mRNA splicing, and adherent microbiota signatures, their interaction was 'uncoupled' during any inflammation but particularly in IBD [70] . Avoiding the impact of disease on the microbiome, a Dutch group recently demonstrated a significant impact of IBD risk genes on certain bacteria like Roseburia even in healthy individuals [71] . However, the full picture using genome-wide analysis and microbiome studies only gradually evolves and is certainly not restricted to the gut [72] [73] [74] .
As a matter of fact, this genetic part is complemented, and maybe sometimes antagonized, by the environment. Interestingly in the large Swiss trial mentioned above, the major factors in this regard were the body mass index (BMI) and age [52] . Overall lifestyle, including sport, smoking and alcohol consumption, were also correlated with the gut microbiota [52] . Probably the key factor accessible to modification is the diet, which probably is impacting on the epidemiology discussed above [75] . The long-term dietary pattern determines the enterotype and the short-term change in diet from herbivorous to carnivorous modifies composition dramatically [76, 77] . Some feel that a Westernized diet is the most ubiquitous environmental factor in IBD and this is probably mediated at least in part by the microbiome [78, 79] . Interestingly, Chinese patients with IBD also exhibited a reduced diversity and tended to have had a Western diet in childhood [80] .
Finally, the microbiome would be proven to be the hen and not the egg if IBD-feces would induce IBD. But in the only instance where this could have happened with fecal material from an individual later developing Crohn´s disease, luckily none of the 31 fecal transfer recipients eventually got this disease [81] . However, in some experimental models some degree of inflammation could be induced by stool transfer, although in another mouse study the NOD2-associated dysbiosis did not drive mucosal tissue and immune alterations [82] [83] [84] . Fecal material transferred from UC patients to gnotobiotic mice did not induce inflammation [85] . Notably, the confirmed observations in several controlled trials that fecal transfer from healthy controls actually may induce remission in a subgroup of patients clearly demonstrates at least a potential protective role [86] [87] [88] . Here more diverse donor microbiota were superior, but ironically a sterile fecal filtrate also was effective, at least in C. difficile colitis [89] [90] [91] . Conspicuously, this benefit is only seen in ulcerative colitis patients, which also respond well to some probiotics, in sharp contrast to Crohn´s disease [92] . Taken together, there is little controversy that invading microbes induce inflammation in IBD, and in turn inflammation affects microbial composition, but the microbiota also may be more or less aggressive during the course of disease, or even protective, if derived from a healthy host in the form of a fecal transfer. The pro and con arguments for a primary vs. secondary role are summarized in Table 2 and Figure 2.
Role of antimicrobial peptides in IBD
The realm of antimicrobial peptides (AMPs) as produced by essentially all epithelia potentially confronted with microbes and also by some inflammatory cells like granulocytes had been discovered and investigated in depth by the end of the last century: AMPs are virtually ubiquitous in nature, from multicellular organisms to man [93] . The microbial distribution in man is not uniform but specific for given organs or regions, and the natural peptides governing their presence or absence are just as diverse. The role of AMPs in IBD has come to some attention only more recently [94] . Most important in the gut epithelium are the α-defensins HD5 and HD6, produced by the small-intestinal Paneth cells, and the ßdefensins (constitutive HBD1 and inducible HBD2 and HBD3), mostly in the gastric and colonic epithelium [94] . These are complemented in the Paneth cell by lysozyme and various lectins, like the REG´s, and in the colon by the cathelicidine LL-37 [95] . A new kid on the block is highmobility-group box 2, all along the gastrointestinal tract [96] . Essentially all AMPs are positively charged and therefore bind to the negatively charged mucins electrostatically. This binding appears to be reversible because mucus samples are still antibacterially active [97] . Thus, the function of mucus, as discussed below in detail, is both physical impenetrance and bacterial killing by incorporated AMPs. Most AMPs act on the bacterial cell wall directly, whereas others like HBD1 and HD6 form nets to prevent bacterial invasion [98, 99] . Some, like HBD1 and HD6, have to be linearized through reduction of the disulfide bonds to be activated, most likely to act specifically in the periplasmic space through bacterial oxidoreductases [100] [101] [102] . A recent quite surprising finding was the significant antibiotic activity of a multitude of defensin fragments formed by natural proteolytic enzymes contained in intestinal secretions [103] . Thus, defensins like HD5 do not only act as intact peptides but may, under physiological conditions, disintegrate and explode like a 'bombshell' into multiple shorter peptides with differential antibacterial activities toward several different strains. This shows that there is still a lot to learn about our natural defenses.
Their important contribution to IBD derives from the fact that several of the observations and arguments in Table 1 may be explained by disturbances in this system. For example, the changes in the microbiome composition and the bacterial contamination of the mucosa as well as the inner layer of the mucus may well be mediated by defects in this chemical defense [104] . Notably, this applies primarily to Crohn´s disease, whereas in ulcerative colitis the AMP system seems to be adequately induced, here the mucus structure and function predominate in pathophysiology (see below). With respect to Crohn´s disease, it has long been known that patients may either exhibit ileal, ileocolonic (mostly ileocecal) or isolated colonic disease and this classification was recently corroborated by genetic studies [105] . This localization effect is likely be related to local differences of innate immunity (such as defensins) in the interaction with the microbes rather than of systemic adaptive immunity (Figure 3 ).
Our initial interest in small-intestinal defensins was prompted by the observation that NOD2 was intensely expressed by the Paneth cell [106] . In two independent cohorts in Germany and the USA Paneth cell α-defensins HD5 and HD6 mRNA and protein were diminished in small intestinal but not colonic Crohn´s disease [107, 108] . The low HD5 was not related to inflammation but to the NOD2 genetic status. In Australian patients, low HD5 in ileal Crohn´s disease was confirmed but related to inflammation and not NOD2 [109] . Low HD5 expression levels were also observed in younger (<18 years) patients [110] . More recently, in an unsupervised expression analysis of American pediatric patients, again HD5 expression was reduced, related to enhanced interferon-γ and tended to be particularly low in NOD2-mutated children at an age >10 years [111] . In even Figure 2 . Possible interactions of the gut microbiota with the mucosal barrier, ultimately leading to IBD. In the left scenario, the microbiota is altered, leading to barrier defects and inflammation in a susceptible host. In the right scenario, primary mucosal barrier defects lead to altered gut microbiota, and eventually an onset of inflammation. Figure 3 . Small-intestinal barrier function during homeostasis and IBD. During homeostasis, the gut microbiota is held at a distance through a mucus layer that is loaded with antimicrobial peptides (AMPs), which are predominantly produced by Paneth cells. During IBD, decreased diversity of the gut microbiota is consistently observed over most studies. Moreover, reduced antimicrobial activity and adherent-invasive E. coli (AIEC) are observed in ileal biopsies, which may be a result of defective Paneth cell function in Crohn's disease. younger patients this was not observed. Others had found an abnormal HD5 in Japanese patients, where the Paneth cell defect is related to LRRK and not NOD2 or ATG16L1 [112, 113] . In contrast, other Paneth cell peptides like lysozyme or sPLA2 (secretory phospholipase A2) were not diminished in the small intestine [107, 108] . These observations were recently complemented by morphological observations of deranged Paneth cell granules and crinophagy in ileal Crohn´s [114, 115] . These aberrations are likely to reflect functional impairment and, most interestingly were related to the established genetic links of Crohn´s disease, which are now known to be associated exclusively with ileal involvement [114] . Corroborating these data in man, it was demonstrated elegantly in the mouse that mutations or deficits in NOD2, the autophagy gene ATG16L1 as well as genes of endosomal stress and even smoking negatively impact the Paneth cell and may induce ileal inflammation as well as microbiome changes [116] [117] [118] [119] . Finally, a key regulator of the Paneth cell differentiation under normal conditions as well as in Crohn´s disease is the Wnt system [120, 121] .
Colonic Crohn´s disease, compared to ulcerative colitis, is characterized by low HBD1, regulated by PPARγ, and a compromised induction of HBD2 and HBD3 [122, 123] . This was associated with a low mucosal antibacterial activity against B. vulgatus and E. faecalis but not S. aureus [124] . Independent studies confirmed this defective induction in Crohn´s disease compared to ulcerative colitis. It is unclear whether this defect is related to the absence of inductor stimuli like butyrate, Muc2 or even vitamin D [125, 126] . Genetic associations with the ß-defensin gene number are controversial. Interestingly, Paneth cells, normally rare in the proximal and absent from the distal colon, may appear in the inflamed IBD colon, and both α-defensins HD5 and HD6 as well as lysozyme and sPLA2 are expressed [107, 108, 127] . Most of this appears to be due to Paneth cell metaplasia as an additional antibacterial defense in the inflamed colon but some of these peptides are also produced by non-Paneth epithelial cells. Notably, another interesting peptide called bactericidal/permeability increasing protein (BPI) was demonstrated to be linked to the disease course in ulcerative colitis [128] . Lower levels were associated with a more severe disease course. It may be concluded that the role of Paneth cell defensins and Paneth cell alterations are well established in ileal Crohn´s disease whereas the colonic AMP´s and their defects require much more research [129] .
Role of the mucus layer

Structure of the mucus layer
As a first line of defense, the intestinal mucus layer protects the host epithelium from intestinal content, which includes the trillions of gut bacteria, but also undigestible food particles. Mucus is constitutively secreted from specialized secretory cells, called goblet cells, that are dispersed over the intestinal epithelium. The major structure-forming protein of mucus is mucin 2 (MUC2), a highly O-glycosylated glycoprotein of about 5100 amino acids and a molecular weight of about 2.7 MDa [130, 131] . MUC2 monomers are linked through C-terminal disulfide bridges in the endoplasmic reticulum of goblet cells, and the formed dimers further trimerize in the Golgi [132, 133] . Secretory vesicles then store the mucin oligomers in the absence of water, low pH and high concentration of calcium, which allows dense packaging until secretion, which is orchestrated by the NLRP6 inflammasome through the induction of autophagy [134, 135] .
Goblet cells express Toll-like receptors (TLRs) 1-5 as well as their adaptor protein MyD88, and are thus capable of bacterial recognition [136] . In the small intestine, goblet cells are predominantly found in the bottom of the crypts of Lieberkühn whereas in the colon a higher density of goblet cells is detected on the mouth of the crypts. Also, colonic goblet cells express much higher levels of TLRs 1, 2, 4, and 5 while small-intestinal goblet cells express slightly higher levels of TLR3, indicating that small intestinal and colonic goblet exhibit specialized transcriptional profiles [136] . Even more, a distinct subset of goblet cells has been identified in the colon: this specialized 'sentinel' goblet cell is located close to the crypt opening, where it safeguards the crypt against bacteria that trespassed through the mucus layer. Once this cell is activated by bacterial ligands, it releases its mucus and transmits alarm signals to adjacent goblet cells, which also secrete their mucus to repel the bacterial invaders [137] .
With its highly hydrated, gel-like composition, mucus lubricates the passage of stool through the intestinal channel and thereby protects the epithelium from physical damage. While this has long been considered to be the only task of intestinal mucus, the last decade or so has demonstrated that mucus is much more dynamic and complex than a simple grease. In fact, the mucus barrier varies in the longitudinal and vertical axes of the intestine, as we will discuss below. Besides the structureforming MUC2, the mucus layer contains bacterial and dietary proteins and peptides, but also a core mucus proteome of about 50 proteins in the mouse colon [138] . So far, it is not completely understood on a molecular level how the protective mucus layer is built up, but non-mucin proteins, hydrogen bonding, calcium ions and swelling of up to 100-1000 times of its initial volume are involved [134, 139, 140, 141] .
Likely dictated by the different functions of the small and large intestine, the characteristics of the mucus layer also differ between those two segments. In the small intestine, mucus is formed by a single non-attached layer that can be easily removed by aspiration [142] . Remarkably, studies in germ-free mice have shown that the presence of bacteria is required for this characteristic detachment, as it takes 5 weeks of bacterial colonization until the small intestinal mucus layer can be normally removed [143] . This phenomenon is likely mediated through the microbiota-dependent metalloprotease meprin β, which is shed into the luminal mucus in bacteriacolonized mice and has been demonstrated to cleave MUC2 from the goblet cell surface [144] .
In contrast to the small intestine, colonic mucus is formed by two distinct layers, from which the inner layer is attached to the intestinal epithelium and devoid of bacteria, while the outer layer is heavily colonized by gut bacteria and also contains dietary molecules [142, 145] . The transition from the inner to the outer mucus layer seems to be controlled by endogenous factors, as the colon of germ-free mice displays a similar division [143] . Indeed, calcium-activated chloride channel regulator 1 (CLCA1), a metalloprotease that is highly expressed in the intestine and abundant in the mucus, has recently been identified to contribute to the processing and expansion of the inner mucus layer [146] . As such, CLCA1 contributes to the 'mucus growth rate', which has been measured to be about 240 µm/h in human and 100 µm/h mouse colon and is a characteristic feature of the inner colonic mucus layer [147] .
Analogous to the small intestine, full maturity of the colonic mucus is also dependent on the presence of gut microbiota. While the mucus growth rate is similar between germ-free and colonized mice, germ-free mice have a penetrable inner colonic mucus layer [143] . Moreover, the intense O-glycosylation of the major mucus protein MUC2 seems to be regulated by gut microbiota-mediated expression of selective glycosyltransferases [148] . Remarkably, not simply the presence of bacteria but a specific composition of gut bacteria is required to mature the colonic mucus layer: Two mouse colonies in different rooms of the same animal facility had different mucus phenotypes (i.e. penetrability) and this phenotype could be transferred to germ-free mice by microbiota transplantation [149] . Yet, it is so far largely unclear how bacteria (or other community members of the gut microbiota) modulate the mucus function and which metabolites are involved.
As discussed above, mucus is also a reservoir for antimicrobial peptides [150] . These host-defense molecules can kill or entrap bacteria that managed to penetrate the mucus layer and thus serve as an additional line of defense. However, despite the original assumption that such antimicrobial defense is unspecific and broad-spectrum, recent studies have shown that it is in fact quite selective. For example, Ly6/PLAUR domain containing 8 (Lypd8) protein selectively entraps Gram-negative-flagellated bacteria in the colon and thereby prevents translocation and thus the development of intestinal inflammation [151] . Potentially, this could also be a mechanism how probiotic bacteria might prevent intestinal inflammation, as the probiotic Escherichia coli strain Nissle 1917 has been demonstrated to bind intestinal mucin via its flagellum and might thus occupy adherence sites for more unfavorable bacteria [152] . As a companion to Gram-negative bacteria-binding Lypd8, zymogen granule protein 16 (ZG16) has been shown to selectively bind and aggregate Grampositive bacteria in the colonic mucus [153] . Through binding to peptidoglycan of the cell-wall, ZG16 prevents translocation of Gram-positive bacteria into underlying tissues, such as caudal lymph nodes and spleen.
Function of the mucus layer
Intestinal mucosal barrier defects are a hallmark of IBD and there is continuous discussion about cause and consequence [154] . For patients with UC, a recent study now supports the hypothesis that a weakening of the colonic mucus barrier contributes to the development of UC pathogenesis, as a significant reduction of the structural MUC2 protein was observed in the colonic mucus of patients with active UC, independent of local inflammation [155] . New-onset treatment-naïve pediatric patients with UC had compositional changes of the gut microbiome, which were associated with disease progression and severity [156] . Strikingly, temporal changes in the gut microbiome were linked to the course of the disease, thus further supporting a dysfunctional host-microbe interaction in a susceptible host as a driver for UC [156] . Furthermore, in the same cohort of pediatric patients, RNAseq analysis in rectal biopsies revealed reduced expression of epithelial mitochondrial genes and associated energy production pathways in active disease, some of which could be used to predict success of a corticosteroid response of the patients [157] . Again, altered genes could be linked to distinct gut microbial taxa, including pathways and genes that are involved in the resolution of inflammation, which were linked to the abundance of commensal organisms, such as Lachnospiraceae, Bifidobacterium, and Ruminococcaceae [157] .
While a general defect of intestinal mucosal barrier function is a hallmark of IBD, specific dysfunction of the colonic mucus layer has been observed in ulcerative colitis. Various mouse models of colitis, including mice deficient in Muc2, Tlr5, Il10, with defective glycosylation, or with chemically induced dextran sodium sulfate (DSS) colitis, had bacteria penetrating into the otherwise impenetrable inner colonic mucus layer [158] . Similar defects were observed in patients with active UC, and even in a subgroup of patients in remission. Yet, whether bacterial penetration into the mucus layer is the primary event and causes the disease, or whether a primary host defect allows bacteria to penetrate the mucus layer is so far not clear. However, as alterations of the gut bacteria can lead to defects of the colonic mucus layer, which are at least in part caused by increased bacterial degradation of mucus glycans, a primary role for the gut bacteria is certainly possible [159] [160] [161] .
As altered gut microbiota composition, and thus altered production of microbial metabolites, is linked to mucus dysfunction, in return this means that specific microbes are contributing to a healthy mucus layer. Tata Element Modulatory Factor (TMF/ ARA160) is a Golgi-associated protein with high abundance in colonic goblet cells and involved in the regulation of Stat3 (signal transducer and activator of transcription 3) and NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) under stress conditions [162] . Remarkably, mice that lack TMF/ARA160 (TMF−/−) had decreased susceptibility to DSS-induced colitis, which was accompanied by a reduced number of bacteria colonizing the mucus layer [163] . In addition, TMF−/− mice had increased expression of Muc2, which resulted in a thick, uniform colonic mucus layer that was characterized by a higher MUC2 oligomerization grade [164] . Fecal gut microbiota analyses furthermore revealed that TMF−/− mice had altered gut microbiota composition with higher relative abundances of Ruminococcaceae, Roseburia, and Lactobacillus groups when compared with wild-type mice. Remarkably, when TMF−/− mice were co-housed with wild-type mice, the diminished susceptibility to induced colitis was transmissible to wild-type mice, further indicating that the gut microbiota can actively modulate mucus function, opening up a potential therapeutic avenue to block TMF/ARA160 activity [164] .
Since distinct gut bacteria have thus the ability to affect mucosal barrier function, modulating the gut microbiota through dietary or probiotic interventions can be used to strengthen the mucus layer. In fact, several studies have already shown a microbial effect on mucus production or function. For example, application of the probiotic strain Lactobacillus rhamnosus CNCM I-3690 to mice led to improved colonic barrier function by increasing mucus production and restoring goblet cell population [165] . Similarly, two Lactobacillus reuteri strains, one human-derived and one rat-derived, reduced the inflammation markers MPO, IL-1β and IL-6 in a murine DSS colitis model, which might at least in part be due to a mucus thicknessincreasing effect of the Lactobacillus strains [166] . Yet, in another DSS colitis study in rats, a probiotic Lactobacillus reuteri strain has been shown to reduce DSS-associated bacterial translocation to the mesenteric lymph nodes without improving the integrity of the colonic mucus layer [167] . While the first Lactobacillus reuteri study used isolated Lactobacillus strains for the treatment, the second study applied a cocktail of four different strains from different sources [166, 167] . As immune-and mucusmodulating capacities are strain specific, and different strains might influence each other, this might explain the different results in the two murine DSS colitis models using Lactobacillus strains.
Bacteroides thetaiotaomicron (B. theta), a common intestinal inhabitant and acetate producer, increased goblet cell differentiation and thus stimulates the secretory lineage, leading to augmented mucus production in mono-colonized rats [168] . Interestingly, when the rats where co-colonized with B.theta and Faecalibacterium (F.) prausnitzii, an acetate consumer and butyrate producer, the mucus-promoting effect of B.theta was abrogated. It is thus likely that in a complex intestinal community an even more complicated network of metabolite producers and consumers regulates mucus function in vivo.
In addition, the anti-inflammatory commensal F. prausnitzii might play an important role in IBD, as a reduced abundance has been detected in patients with CD and oral application of the bacterium or its supernatant could reduce chemically induced colitis in mice [42] . Moreover, in vitro supplementation of stool samples from CD patients with F. prausnitzii led to increased butyrate production at the costs of acetate production, which led to enhanced epithelial barrier function in a cell culture model [169] .
Although an increasing number of bacteria is identified that either positively or negatively modulate mucus function, the molecular details often remain elusive. However, to therapeutically utilize the microbe-mucus axis in IBD a better molecular understanding is required. How this can be achieved was demonstrated in a recent study, in which the mucin degradation capability of the bacterium Peptostreptococcus russellii was first identified through computational prediction and subsequently confirmed in vitro [170] . This bacterium was able to colonize the mucus layer and mediate an increase in goblet cell number and to reduce susceptibility to DSS-induced colitis in mice, likely by producing the tryptophan metabolite indoleacrylic acid (IA). In a system of LPS-stimulated co-cultured bone marrow-derived macrophages and colonic spheroids, IA could enhance IL-10 production and increased Muc2 expression through activation of the transcription factor NRF2, which promoted anti-oxidant and anti-inflammatory immune responses [170] . Finally, the authors could show that patients with UC and CD had lower fecal abundance of bacteria that can degrade terminal fucose residues from mucin glycans and to metabolize tryptophan, which correlated with lower capacity to produce IA. Consequently, facilitating the colonization of the mucus layer by health-promoting bacteria such as P. russellii could be a novel strategy to target the mucus barrier defects in patients with IBD ( Figure 4 ).
Expert opinion
There is increasing evidence that the gut microbiota can modulate intestinal mucosal barrier function and that disturbances in this modulation might be a strong contributor to inflammatory bowel diseases. We believe that this opens possibilities to exploit this interaction for therapeutic interventions. Instead of dampening the inflammation, as most current treatments do, targeting the gut bacteria would strike already a stage earlier and in the best case prevent the development of chronic inflammation. While the use of specific probiotics like E. coli Nissle 1917 is already recommended for UC, ongoing research is expected to identify additional strains with specific modulatory and/or anti-inflammatory functions. Likely candidates to enter clinical practice are beneficial bacteria like F. prausnitzii or improved probiotic cocktails, as well as the above-mentioned crude fecal transfer, optimized by selecting the 'golden donor'. However, although mechanistic data are accumulating, a remaining challenge for a successful clinical application is the large-scale cultivation and preservation of anaerobic bacteria. Yet, we are optimistic that it is only a matter of time until these challenges will be resolved.
Parallel to the development of novel probiotics, a different approach with a similar outcome is to modulate the modulator, i.e. to shift the gut microbiota with selected dietary substrates. As such, prebiotics, are known to improve host health by enriching beneficial bacteria [171] . For IBD, only a few trials have been conducted and yielded mixed results, depending on clinical entity and the selected prebiotic [172] [173] [174] [175] [176] . Thus, to apply this concept for IBD requires further research, as it is not entirely clear yet which bacteria should be enriched and which dietary substances would facilitate a selective enrichment of the to-be-identified bacteria.
Recently, a novel tool to screen potential drug candidates has been described, in which a micro-engineered 'human gut inflammation-on-a-chip' was tested to recapitulate the barrier dysfunction mediated by intercellular host-microbiome crosstalk in vitro [177] . This system demonstrated that DSS treatment strongly impaired the epithelial barrier, including mucus production, without being cytotoxic to epithelial cells. Moreover, the set-up revealed that probiotic treatment, in this case VSL#3, required an undamaged epithelial barrier to be effective, and was ineffective when the barrier was already damaged by DSS treatment [177] . We think that in the future, such a chip could be used to test whether potential therapeutic compounds, including probiotic bacteria, can effectively ameliorate intestinal inflammation when the barrier is already damaged, or if they would rather be effective to maintain remission.
Modulating the second part of the equation, the antibacterial peptides, is also possible. The above-mentioned E. coli Nissle, and some other probiotics have been demonstrated to enhance inducible ß-defensin formation [178] . The direct oral administration of defensins or of their fragments is also feasible and has been shown in preliminary work to be beneficial in experimental colitis [179] . An alternative would be to administer the known natural inducers mentioned above, including vitamin D, or alternatively target defensin-mRNA to Paneth cells.
Finally, targeting the mucus should not only be possible using microbes, as mentioned above, but also chemicals or drugs like simple lecithin, which is known to be diminished in UC mucus. Accordingly, application of delayed-release lecithin led to an improvement of ulcerative colitis [180] . Yet, simultaneous application of lecithin and the established drug for ulcerative colitis, mesalazine, did not result in the expected efficiency, probably because mesalazine removed mucinbound lecithin [181] . Other ways to reduce penetrability through chemical interactions of UC-mucus are conceivable. Another elegant way to stabilize the barrier might be achieved by enhancing Paneth cell and goblet cell differentiation through Wnt and other differentiation factors [94, 144, 182] .
There are multiple efforts to identify microbial signatures as diagnostic markers for IBD and changes in fecal gut microbiota composition have been identified in several cohorts of IBD patients, yet without common conclusive results [32, [183] [184] [185] . This discrepancy is likely due to different geographic origin of the cohorts, dietary habits and methodological differences in sample preparation. However, analysis of mucosa-associated bacteria has been proven to be a better predictor of Crohn's disease than the analysis of fecal samples [33] . While obtaining mucosal samples is somewhat more complicated than collecting fecal samples, it might still be a more promising approach to diagnose and/or predict IBD in treatment-naïve patients. Nevertheless, even crude stool metagenomes helped to predict the disease course in vedolizumab-treated patients [186] . Considering the dropping prices in high-throughput microbiota sequencing costs, we envision that a personalized therapy, based on microbiota composition, might be possible already in the next decade or so. In such a scenario, a mucosal microbiota analysis would identify missing or depleted microbes, which could then be supplemented or enriched through probiotic or prebiotic therapy. Without doubt, before this option becomes reality, further understanding of the barrier-modifying abilities of individual gut microbiota is required.
In conclusion, accumulating evidence suggests that the barrier is of prime and maybe primary importance in IBD, but that gut microbiota are not just innocent bystanders given the chance to penetrate the mucus and mucosa by the defective host. Modulating the gut microbiota and/or the mucus by targeted interventions, either through diet (prebiotic), microbial (probiotic) or drug approaches is becoming a more and more promising option and might help to reduce the burden of IBD in the future by finally arriving at a more 'causal' treatment.
